Experiments of solar pyrolysis of beech wood have been conducted to study the effect of temperature and sweep gas flow rate on the pyrolysis product yields. Investigated variables were pyrolysis temperature, from 600 to 2000°C, and argon flow rates, between 3 Nl/min and 12 Nl/min. The heating rate was constant, 50°C/s. A 50.9 wt.% maximum gas yield (mainly CO and little CH 4 ) was obtained at pyrolysis temperature of 2000°C and argon flow rate of 6Nl/min. The gas yield increased with temperature but the trend is not linear. The most important increase of gas yield (from 15.3 wt.% to 37.1 wt.%) and decrease of liquid yield (from 70.7 wt.% to 51.6 wt.%) were found between 600 and 1000°C, which means that most of tar decomposed in this temperature range. The gas yield decreased when the argon flow rate increased. The two temperature zones of solar reactor were determined by CFD simulation at different sweep gas flow rates. The higher the sweep gas flow rate, the lower the average temperature and the smaller the hot zone in the vicinity of the sample in the solar reactor. This trend is not favorable to the gas formation from tar cracking .
Introduction
Pyrolysis is one of the most attractive processes to convert biomass into economically renewable intermediate [1] . In the pyrolysis process, biomass is mainly converted into gases (H 2 , CO, CO 2 , CH 4 , C 2 ), liquid (tar and water), and char [2] . The relative amount of each product can be modified by adjusting the operating parameters. The major operating parameters affecting the pyrolysis product compositions are temperature, sweep gas flow rate, heating rate and pressure [3] . Numerous works have been done on biomass pyrolysis in traditional reactors, regarding product distribution at different operating parameters. In general, the liquid yield increases with temperature in the range 400-550°C and reaches a maximum before decreasing with the further increase in temperature [4] . The char yield is approximately constant above 600 °C (roughly within 5-20% for fast pyrolysis and 10-30% for slow-pyrolysis) [5] . The gas yields increase with temperature, then they decrease when the temperature is higher than 1200°C [6] . The liquid yield increases with the increasing sweep gas flow rate as the pyrolysis vapor residence time decreases [1] .
As pyrolysis is an endothermic thermochemical process, external heat is required. In traditional pyrolysis, the heat is obtained by combustion of fossil fuel or of part of the initial biomass, which reduces the energy efficiency and increases the pollution discharge [7] . In order to avoid the disadvantage of traditional pyrolysis, solar energy may provide the heat for pyrolysis reactions. The biomass directly absorbs the heat from concentrated solar energy thus resulting in rapid pyrolysis, producing chemical fuels. As a result solar energy can be stored and transported. The solar-to-fuel energy conversion efficiency is determined by the operating temperature and the maximum efficiency of 75% may be achieved at 1500 K [8] .
There have been few experiments applying concentrated solar radiation or image furnace (solar simulators) to drive biomass pyrolysis [9, 10, 11] . Previous investigations of biomass solar pyrolysis revealed that the use of an arc image furnace results in producing more liquids (63%) than conventional furnaces [9] . Moreover, the liquid yields do not significantly depend on the heat flux density which, in turn, considerably influences the gas and char yields [10] . Almost all researchers took advantage of the solar reactor characteristics to get maximum liquid yield from pyrolysis. The original solar reactors' characteristics are linked to the heating configuration. The sweep gas and reactor wall keep relatively "cold" as only the biomass is directly heated by solar radiation [9] . Most vapors issued from the primary reactions are quenched to tar and water as soon as they leave the biomass under treatment. Then one problem arises: the tar condenses on the reactor wall unless it is taken out by sweeping gas immediately. It cannot be further used without a good collecting device that is hard to design and operate. To solve this problem, we intend to maximize the gas yield and minimize the tar yield.
The influence of temperature and sweep gas flow rate on pyrolysis product distribution has never been studied in solar reactor despite their importance for future applications. In this study, solar radiation is concentrated in a small area in the reactor where the biomass sample is located. The sample temperature is measured by an optical pyrometer that is used for studying temperature effect on product distribution. The reactor is swept by argon flow. Argon flow rate is controlled by a mass flow controller. However, the temperature distribution in the reactor, which is influenced by argon flow rate, cannot be measured, although it plays an important role on secondary pyrolysis. Consequently, a CFD model of the mixing inside the reactor was developed in order to interpret experimental data.
The aim of this research was to study solar pyrolysis product yields at high temperature (up to 2000°C) and under different argon flow rates in order to maximize the gas yield. This paper describes first the experimental setup and procedure. Then the temperature distribution in the solar reactor at different argon flow rates (3-12Nl/min) was determined by CFD modeling. Wood pyrolysis products (char, gas, liquid) were then studied depending on the final temperature (600-2000°C) and argon flow rate (3-12Nl/min). 
Experimental study

Beech wood samples
Experiments were carried out with pellets prepared with beech wood sawdust compressed under pressure. The initial sawdust particle size ranged from 0.35 to 0.80 mm. After sawdust compaction, the pellets were cylinders 10 mm in diameter and 5 mm thick corresponding to a mass of about 0.3 g. In order to decrease the reflectivity and keep the emissivity as 0.95, an additional thin carbon layer was initially put on the pellet top surface. The proximate analysis and the ultimate analysis of the samples are shown in Table 1 and Table 2 . 
Experimental setup
As shown in Fig.1 , pyrolysis experiments were carried out under an argon flow in a transparent Pyrex balloon reactor (inside diameter 185 mm, volume 6 L). The pellet was placed in a graphite crucible (inner diameter 10 mm, depth 5 mm) insulated with graphite foam and located at the focus of a 1.5 kW vertical solar furnace. The sample surface temperature was measured by a solar-blind optical pyrometer. A shutter controlled by a PID controller modulated the incident radiation and thus the sample temperature, e.g. the heating rate and the final temperature. The gas products mixed with argon were taken out by a vacuum pump through the gas outlet set at the reactor bottom.
Mixing inside the reactor was obtained by argon injection using 12 ring-shaped jets around the sample. There were 6 upward jets in the gas outlet side and 6 downward jets in the other side, and the injector diameter was1 mm. 
Products recovery
A fraction of the products is condensed on the sampler holder and reactor wall before leaving the reactor. A vacuum pump and a cascade of two water bubblers are placed downstream of the reactor. The products trapped by these devices are designated as "liquid". Finally, the permanent gases enter into a Portable GAS 3100 SYNGAS Analyzer that detects and quantifies H 2 , CO, CO 2 , CH 4 and C n H m . The solid left in the crucible after pyrolysis is taken as "char".
Mass measurements
The pellet mass is measured before the experiment. After each experiment, the char mass is measured. From the gas analyzer, the mass of pyrolysis gases is derived. Then the liquid mass is calculated from the material mass balance.
Experimental procedures
Two series of experiments were carried out at the heating rate of 50 °C/s. First, to determine the effect of the final temperature on the pyrolysis product yields in solar reactor, experiments were conducted under the argon flow rate of 6 Nl/min to the final temperature of 600, 1000, 1400 and 2000°C and maintained for 12 minutes at this temperature. After determining the temperature effect on product yields, the experiments were performed at four different argon flow rates: 3, 6, 9 or 12 Nl/min to investigate the sweep gas flow rate influence on pyrolysis product yields. For this series of experiments the final temperature was 1200°C.
The product yields were obtained from the pellets complete pyrolysis, where all of the products are completely recovered. Each experiment was repeated at least 3 times to check the repeatability. After checking the standard deviation of the product yields, the average value was calculated based on 3 good repeatability experiments (RSD for 3 different experiments is less than 6%). All the products yields were calculated on the basis of the wood pellet initial mass as 
Objectives of CFD modeling
The first objective of the reactor simulation was to check the gas mixing conditions resulting from the modification of the sweeping gas injection geometry and flow rate. The second objective was to analyse the experimental results with respect to tar thermal cracking. Solar heating of the sample results typically in 2 temperature zones in the reactor (the region near the sample is hot and the surrounding gas is relatively cold). For temperatures below 750K, the thermal cracking of tar to form gas is negligible [12] . So the cut-off point for two temperature zones is 750K. The sweep gas flow clearly shortens the vapour residence time and reduces the possibility for secondary decomposition of tar, which leads to the tar yield increase in both conventional reactors and solar reactors. Theoretically, the temperature decreases inside the reactor with argon flow rate. The CFD simulation aims at studying this effect.
CFD modeling strategy
ICEMCFD 14.5 was used to create the 2D geometry and generate the grids. The first step consists in defining the global element size. The scale factor is 1 and the max element is 0.02. The second step defines the shell meshing parameters. The mesh type is quad dominant and the mesh method is patch dependent. There are at least 293903 cells, 447219 faces and 153317 nodes are created automatically. Fluent 14.5.7 was used for the simulations at steady state. The solver type was pressure-based and the velocity formulation was absolute. The model included: energy conservation, laminar flow and species transport. The wall was modeled using no-slip boundary conditions for both phases. Pressure outlet boundary condition was employed for the reactor outlet. The production of pyrolysis gases at the pellet top and argon flow jets were defined as mass flow inlet boundary conditions.
Experimental results and discussion
Two groups of pyrolysis experiments were carried out to investigate the effect of temperature and sweep gas flow rate on the product yields and to determine the pyrolysis conditions that give the maximum gas yield. The detected gas products were mainly CO and to a less extent CH 4 . The liquid was a complex mixture consisting of organic compounds and water which was not characterized as it was not collected. Fig.2 shows the product yields from beech wood pyrolysis in solar reactor with heating rates of 50°C/s with respect to final temperatures, 600, 1000, 1400 and 2000°C with 6NL/min argon flow rate. As displayed in Fig. 2 the gas yield increased from 15.3% to 50.9% and the liquid yield decreased from 70.7% to 40.8% when the final temperature raised from 600 to 2000°C. The most important gas yield increase (15.3% to 37.1%) and liquid yield decrease (70.7% to 51.6%) was observed between 600 and 1000°C which meant that most of tar decomposed in this temperature range. After that, the gas yield increased slowly from 45.3% to 50.9% and the liquid yield decreased slowly from 46.4% to 40.8% in the temperature range 1400 to 2000°C. The change trends of gas yield and liquid yield are opposite, which confirmes the fact that the secondary decomposition of tar into gas exists in solar reactor when temperature is high enough. The char yield firstly decreased from 14.0% to 8.3% in the range 600-1400°C, then it remained almost constant at higher temperatures. It was also proved that some gas products come from the secondary decomposition of char at higher temperatures. The gas product yield increased with pyrolysis temperature, it is more than three times higher at 2000°C than at 600°C. Consequently, the temperature should be as high as possible in the solar reactor in order to get the maximum gas yield. 
Temperature influence
Sweep gas flow rate influence
The second series of experiments was performed to investigate the effect of sweep gas flow rate on the pyrolysis product yields. The pyrolysis temperature and heating rate were held constant as 1200°C and 50°C/s, respectively. Experimental results are given in Fig. 3 . As it can be seen, the liquid yield increases with gas flow rate in the studied flow rate range. The highest increase, from 43.3% to 44.6%, is observed with argon flow rate rising from 3Nl/min to 6NlL/min. This is probably due to the removal of the products from the hot zone by the sweeping gas, which minimizes secondary reactions such as thermal cracking and maximizing the liquid yield, as previously reported in the literature. There is a little increase of liquid yield to 46.0% for 12 Nl/min argon flow rate. The gas yield firstly decreases from 47.5% to 45.6% when the argon flow rate increases to 6 Nl/min, and then decreased to 44.6% when the argon flow rate reaches 12 Nl/min. There was no obvious influence of argon flow rate on char yield. Consequently, from the process point of view, decreasing the sweep gas flow rate to increase the gas yield does not make sense. Fig. 3 . Pyrolysis products yield versus argon flow rate at temperature of 1200°C and heating rate 50°C/s
Modeling results and discussion
In this part of the study, the argon flow rate influence on the temperature distribution in the solar reactor was investigated at flow rates ranging from 3 to 12 Nl/min at sample temperature 1200°C. The temperature contours in the reactor at argon flow rates 3 and 12 Nl/min are given in Fig. 4 and Fig. 5 . As can be seen from these figures, the average temperature at argon flow rate 3 Nl/min is higher than at 12 Nl/min. In order to analyze the temperature difference with different argon flow rates, the simulated temperature distribution is given in Fig. 6 . For the four argon flow rates, the temperature near the sample is obviously higher than in bulk of the surrounding gas. The highest temperatures near the sample shown in Fig. 6 are about 900K, 800K, 600K and 500K for argon flow rates of 3, 6, 9 and 12 Nl/min respectively. The average temperatures near the sample ( 10mm away from the sample) are about 751K, 633K, 546K and 490K for argon flow rates of 3, 6, 9 and 12 Nl/min respectively. This proves argon flow rate influence on temperature distribution in the solar reactor. Thus the tar yield increases with the argon flow rate because of the temperature reduction. Besides, it is easily found that most of the reactor is below 750K for the different argon flow rates, which means that most of the tar cracking occurs at the sample surface or near it. 
Conclusion
An original solar experimental setup was developed for studying high temperature fast pyrolysis of biomass. It allows controlling both heating rate and temperature under solar concentration. This study points out a dramatic influence of pyrolysis temperature on product distribution, since gas yield increases by more than 3 times when temperature increases from 600°C to 2000°C. The solar reactor may be used to get 50.9% gas yields (mainly CO and little CH 4 ) for beech wood pyrolysis at 2000°C and 50°C/s heating rate with 6 Nl/min argon flow rate. The higher the temperature, the higher the gas yields. The most important gas yield increase (15.3% to 37.1%) and liquid yield decrease (70.7% to 51.6%) were found between 600 and 1000°C, which means that most of tar decomposed in this temperature range. Two temperature zones in the solar reactor were determined by CFD simulation. Most of the gas in the reactor is below 750K at different argon flow rates, consequently tar cracking occurs at the sample surface or near it. The higher the sweep gas flow rate, the lower the average temperature and the smaller the hot zone in the solar reactor, which reduces tar cracking. But the influence of sweep gas flow rate on gas yield decreases is very small in comparison to the sample temperature influence.
